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I n t r o d u c t i o n  

The f a t e  of f u e l  n i t r o g e n  d u r i n g  t h e  combustion o r  g a s i f i c a t i o n  of c o a l  is a 
m a t t e r  of p r a c t i c a l  and fundamental  concern. During c o a l  combustion, NO, i s  known 
t o  form v i a  HCN s p e c i e s  r e l e a s e d  from t h e  n i t rogen-conta in ing  molecular  components 
of t h e  coa l .  During g a s i f i c a t i o n  p r o c e s s e s ,  t h e  r e l e a s e  of n i t rogen-conta in ing  
fused  r i n g  compounds i n  evolved t a r  s p e c i e s  is a m a t t e r  of environmental  concern.  
S ince  t h e  t h e r m a l  decomposi t ion  of t h e  p a r e n t  c o a l  i s  an i n i t i a l  phase i n  both  com- 
b u s t i o n  and g a s i f i c a t i o n ,  i t  i s  necessary  t o  deve lop  a knowledge of t h e  f a t e  o f  
f u e l  n i t r o g e n  d u r i n g  thermal  decomposi t ion.  

T h i s  s t u d y  c o n t a i n s  r e s u l t s  of  an i n v e s t i g a t i o n  of t h e  e v o l u t i o n  of f u e l  
n i t r o g e n  d u r i n g  the  vacuum thermal  decomposi t ion of  c o a l .  R e s u l t s  are shown f o r  
v a r i a t i o n s  w i t h  c o a l  c h a r a c t e r i s t i c s  and apparent  thermal  h i s t o r y .  Apparent h e a t i n g  
r a t e s  of 75 C/sec t o  2000 C/sec and f i n a l  tempera tures  of 500 C t o  1780 C were 
u t i l i z e d .  A v a r i e t y  of c o a l s  were i n v e s t i g a t e d  ranging  i n  rank from a l i g n i t e  t o  an 
a n t h r a c i t e .  

The r e s u l t s  i n d i c a t e  t h a t  n i t r o g e n  d i s t r i b u t i o n  i n  t h e  v o l a t i l e s  is a s e n s i t i v e  
f u n c t i o n  of t h e  chemica l  c h a r a c t e r i s t i c s  of t h e  p a r e n t  c o a l .  T h i s  d i s t r i b u t i o n  of 
n i t r o g e n  i n  t h e  l i g h t  g a s ,  t a r  and char  p r o d u c t s  of vacuum d e v o l a t i l i z e d  c o a l  is  
h i g h l y  dependent on r a n k  of t h e  p a r e n t  c o a l .  V a r i a t i o n s  i n  n i t r o g e n  e v o l u t i o n  with 
c o a l  c h a r a c t e r i s t i c s  are most r e a d i l y  apparent  i n  s e v e r a l  a s p e c t s :  (1) t h e  c o a l  
n i t r o g e n  r e l e a s e d  w i t h  t h e  t a r  s p e c i e s ;  (2)  t h e  release of n i t r o g e n  contained i n  
pr imary  t a r s  as  HCN upon secondary thermal  decomposi t ion r e a c t i o n s  of t h e  pr imary 
tars;  ( 3 )  t h e  r e t e n t i o n  of n i t r o g e n  i n  t h e  char  s p e c i e s .  

Experiment a1 Design 

Figure 1 r e p r e s e n t s  s c h e m a t i c a l l y  t h e  a p p a r a t u s  employed t o  perform t h e  thermal  
decomposi t ion exper iments .  The procedure i n v o l v e s  p i a c i n g  s m a l l  samples (20-50 mg) 
of f i n e l y  ground c o a l  (-100+325 mesh) between t h e  f o l d s  of a f i n e  mesh s c r e e n .  
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S t a i n l e s s  s t e e l  i s  used f o r  f i n a l  t empera tures  between 500 C and 1000 C.  Tungsten 
i s  used f o r  tempera tures  between 1000 C and 1780 C.  
determined tempera ture  v i a  t h e  p r e s e t  c o n t r o l  c i r c u i t r y .  
is monitored by a thermocouple bead placed between t h e  f o l d s  of t h e  screen .  

The g r i d  is d r i v e n  t o  a pre-  
The apparent  h e a t i n g  r a t e  

Light  g a s e s  a r e  immediately vented through a g l a s s  wool f i l t e r  i n t o  a 61  cm 
long  i n f r a r e d  c e l l  i n  a F o u r i e r  Transform I n f r a r e d  Spec t rometer .  The c e l l  was c a l -  
i b r a t e d  f o r  mixtures  of HCN (200, 100, 50 and 25 ppm) d i l u t e d  i n  N 2  t o  a t o t a l  
p r e s s u r e  of 400 t o r r  t o  avoid t h e  u n c e r t a i n t i e s  of p r e s s u r e  broadening by m i x t u r e s .  
A t  t h e  end of a d e v o l a t i l i z a t i o n  run t h e  c e l l  and r e a c t o r  chamber a r e  f i l l e d  w i t h  
n i t r o g e n  t o  g i v e  a t o t a l  p r e s s u r e  of 400 t o r r  and s i m u l a t e  t h e  c a l i b r a t i o n .  

The c o n t r o l  c i r c u i t  i n  t h i s  i n v e s t i g a t i o n  o p e r a t e d  a Harr i son  power supply  
Model 6269A i n  t h e  c u r r e n t  program mode. I n  t h i s  mode h e a t i n g  r a t e  and f i n a l  
tempera ture  a r e  coupled over  t h e  e n t i r e  f i n a l  t empera ture  range .  The coupl ing  
between h e a t i n g  r a t e  and f i n a l  temperature  f o r  t h e  two s c r e e n  m a t e r i a l s  can be de- 
s c r i b e d  by a s imple  e q u a t i o n  of  t h e  form l o g  (?)=, T + B ,  where t h e  parameter: f o r  
each s c r e e n  a r e  g iven  i n  Table  I. The coupl ing  between h e a t i n g  r a t e  and f i n a l  
tempera ture  i s  l o g a r i t h m i c  i n  a manner analogous t o  Newton's law of h e a t i n g / c o o l i n g .  
For t h e  s t a i n l e s s  s t e e l  s c r e e n  t h e  f i n a l  t empera ture  of 530 C i s  a s s o c i a t e d  w i t h  a 
h e a t i n g  r a t e  of - 100 C/sec whi le  a f i n a l  t empera ture  of 1000 C is  a s s o c i a t e d  w i t h  
a h e a t i n g  r a t e  of  600 C/sec.  The maximum h e a t i n g  r a t e  ob ta ined  f o r  t h e  t u n g s t e n  
s c r e e n  was - 2000 C/sec f o r  a f i n a l  t empera ture  of 1780 C .  

Chemical S t r u c t u r e  C h a r a c t e r i s t i c s  of t h e  Coals  

The c o a l s  examined i n  t h i s  i n v e s t i g a t i o n  a r e  t h e  same as those  p r e v i o u s l y  
r e p o r t e d  i n  an i n v e s t i g a t i o n  of t a r  y i e l d s  and c h a r a c t e r i s t i c s  ob ta ined  from t h e  
d e v o l a t i l i z a t i o n  of the  c o a 1 . l  
i n  Table  11. Figure  2 r e p r e s e n t s  t h e  l o c a t i o n  of t h e  c o a l s  on t h e  c o a l i f i c a t i o n  
band a s  revea led  by H / C  and O / C  v a l u e s .  
c o a l s  r e l a t i v e  t o  t h e  E a s t e r n  bi tuminous c o a l s  r e f l e c t s  t h e  d i f f e r e n c e s  i n  rank and ,  
i n d i r e c t l y ,  g e o l o g i c  sources .  This  f i g u r e  a l s o  r e v e a l s  t h e  maximum t a r  y i e l d s  
obta ined  from t h e s e  c o a l s .  These y i e l d s  a r e  impor tan t  c h a r a c t e r i s t i c s  of  t h e  
d e v o l a t i l i z a t i o n  behavior  of  a c o a l  a s  is t h e  v a r i a t i o n  i n  tar y i e l d  w i t h  a p p a r e n t  
thermal  dr ive . '  

D e t a i l e d  e l e m e n t a l  a n a l y s e s  f o r  t h e  c o a l s  a r e  g iven  

The p o s i t i o n  of t h e  Western b i tuminous  

F igure  3 i l l u s t r a t e s , t h e  i n f r a r e d  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  c o a l s .  
V a r i a t i o n s  i n  i n f r a r e d  s t r u c t u r a l  c h a r a c t e r i s t i c s  of a c o a l  w i t h  i t s  e l e m e n t a l  
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composi t ion ( p o s i t i o n  on t h e  c o a l i f i c a t i o n  band) have been p r e v i o u s l y  d i s c ~ s s e ? . ' ~ ' ~ ' ~  
The r e l a t i o n s h i p  of t h e  t a r  y i c l d s  and tempera ture  s e n s i t i v i t y  of t a r  y i e l d s  t o  
i n f r a r e d  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  p a r e n t  c o a l  h a s  a l s o  been p r e v i o u s l y  d i s -  
c u s s e d . l  Proceeding f r o m  t h e  low rank  s i d e  of t h e  c o a l i f i c a t i o n  band t o  t h e  h i g h  
rank s i d e  t h e r e  i s  a n  a p p a r e n t  maximum i n  a l i p h a t i c  hydrogen a b s o r p t i o n  ( -  3000 - 
2750 c m - l )  around t h e  l o c a t i o n  of t h e  Utah bi tuminous c o a l  (H/C = 0.85, O / C  = 0 . 1 3 ) .  
Such an apparent  maximum i s  i n d i r e c t l y  observed i n  t h e  s p e c t r a  of F i g .  3 ,  normalized 
w i t h  r e s p e c t  t o  1 mg of c o a l  i n  a K B r  p e l l e t .  I t  i s  more d i r e c t l y  observnb1.e i n  
p l o t s  of i n t e g r a t e d  a b s o r b a x e  v e r s u s  sample s i z e  f o r  each  of t h e  c o a l s .  The s l o p e s  
of such p l o t s  g i v e  a p p a r e n t  e x t i n c t i o n  of c o e f f i c i e n t s  f o r  each c o a l .  The a l i p h a t i c  
e x t i n c t i o n  c o e f f i c i e n t  f o r  t h e  Utah c o a l  i s  about  24% g r e a t e r  than  t h a t  of t h e  
P i t t s b u r g h  seam bi tuminous  c o a l .  I t s  t o t a l  hydrogen c o n t e n t  i s  only  about  3% g r e a t e r .  
The g r e a t e r  apparent  a l i p h a t i c  hydrogen i n  t h e  Utah bi tuminous c o a l  r e f l e c t s  n o t  only 
a d i f f e r e n c e  i n  t h e  amount of hydrogen p r e s e n t  a s  a l i p h a t i c  hydrogen, bu t  a l s o  t h e  
n a t u r e  and d i s t r i b u t i o n  of t h e  molecular  s p e c i e s  t o  which t h e  a l i p h a t i c  hydrogen 
f u n c t i o n a l  groups a r e  a t t a c h e d . 6  

I n  proceeding through t h e  c o a l i f i c a t i o n  band i t  is a l s o  noted t h a t  t h e  r e s o l u -  
t ion  of t h e  a romat ic  hydrogen peaks ( -  3040 cm-', 680-920 cm-l) i n c r e a s e s  w i t h  rank.  
This  i n c r e a s e  i n  r e s o l u t i o n  is r e f l e c t e d  i n  t h e  a p p a r e n t  a romat ic  hydrogen absorp-  
t i o n  c o e f f i c i e n t s  of t h e  c o a l s .  The i n t e g r a t e d  a r e a  a b s o r p t i o n  c o e f f i c i e n t s  f o r  
a r o m a t i c  hydrogen g e n e r a l l y  i n c r e a s e  w i t h  rank f o r  t h e s e  c o a l s .  I f  t h e  s t r e n g t h  of 
t h e  bands a s s o c i a t e d  w i t h  a r o m a t i c  hydrogen a b s o r p t i o n  is an i n d i c a t i o n  of t h e  
a r o m a t i c i t y  of the c o a 1 , t h e n  t h e  s p e c t r a  of t h e s e  c o a l s  i n d i c a t e  a c o n s i s t e n t  i n -  
c r e a s e  i n  a r o m a t i c i t y  w i t h  rank  a s  r e f l e c t e d  by t h e  p o s i t i o n  on t h e  c o a l i f i c a t i o n  
band diagram (Fig .  2 ) .  

These s t r u c t u r a l  c o n s i d e r a t i o n s  a r e  impor tan t  because they  l e a d  t o  g e n e r a l  
unders tanding  of t h e  r e l a t i o n s h i p  between chemical  s t r u c t u r a l  c h a r a c t e r i s t i c s  of a 
c o a l  and i t s  pr imary d e v o l a t i l i z a t i o n  behavior .  A p r e v i o u s  r e p o r t  demonstrated t h a t  
t h e  i n f l u e n c e  of chemica l  s t r u c t u r e  on d e v o l a t i l i z a t i o n  f o r  subbituminous and 
bi tuminous c o a l s  i s  most c l e a r l y  r e f l e c t e d  i n  t h e  pr imary (vacuum, d i s p e r s e  phase ,  
s m a l l  p a r t i c l e  s i z e )  t a r  y i e l d s  and tar C h a r a c t e r i s t i c s . '  
t h a t  t h e  n i t r o g e n  d i s t r i b u t i o n  i n  t h e  pr imary v o l a t i l e s  and char  r e s i d u a l  can a l s o  
be r e l a t e d  t o  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  p a r e n t  c o a l .  

T h i s  r e p o r t  demonst ra tes  
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Nitrogen D i s t r i b u t i o n  i n  t h e  D e v o l a t i l i z a t i o n  Products  
Coal Ni t rogen  i n  t h e  Char, T a r ,  L ight  Gas S p e c i e s  

Typica l  mass f r a c t i o n  d i s t r i b u t i o n s  of t h e  c o a l  n i t r o g e n  i n  t h e  d e v o l a t i l i z a -  
tiOn products  a r e  l i s t e d  i n  Table  111. T y p i c a l  d i s t r i b u t i o n s  are i l l u s t r a t e d  i n  
F igs .  4-7. The d a t a  i n d i c a t e s  t h a t  l i t t l e  ( <  5%) of t h e  c o a l  n i t r o g e n  is evolved a s  
HCN i n  those  runs  c h a r a c t e r i z e d  by f i n a l  tempera tures  of 700 C and below. In  t h e  
500 C t o  700 C f i n a l  t empera ture  r u n s ,  most of t h e  v o l a t i l e  n i t r o g e n  i s  i n  the t a r  
s p e c i e s .  A s  t h e  thermal  d r i v e  is i n c r e a s e d  ( f i n a l  tempera tures  - 700 C t o  - 950 C) 
HCN becomes a g r e a t e r  component i n  t h e  v o l a t i l e s  n i t r o g e n .  The tempera ture  de- 
pendence of t h e  HCN e v o l u t i o n  i n  t h i s  tempera ture  range  i s  c o a l  dependent .  The 
subbituminous and Western bi tuminous c o a l s ,  f o r  example, g i v e  s h a r p e r  i n c r e a s e s  i n  
HCN e v o l u t i o n  w i t h  r e s p e c t  t o  f i n a l  temperature  t h a n  t h e  P i t t s b u r g h  bi tuminous o r  
Alabama bi tuminous.  

For a l l  of t h e  samples  examined except  t h e  a n r t h r e c i t e , m o r e  of t h e  c o a l  n i t r o -  
gen i s  evolved a s  an element  of t h e  t a r  s p e c i e s  t h a n  a s  HCN i n  t h e  < 1000 C r u n s .  
I n  t h e  range of c o n d i t i o n s ,  t h e  r e t e n t i o n  of c o a l  n i t r o g e n  i n  t h e  c h a r  r e s i d u e  i s  
similar f o r  t h e  subbi tuminous and Western b i tuminous  c o a l s .  The f r a c t i o n  of c o a l  
n i t r o g e n  r e t a i n e d  i n  t h e  c h a r  i s  approximate ly  t h e  same f o r  t h e  same f i n a l  temper- 
a t u r e .  The tempera ture  dependent n i t r o g e n  r e t e n t i o n  i n  t h e  c h a r s  of t h e  E a s t e r n  
b i t iminous  c o a l s  (h igh  v o l a t i l e  A P i t t s b u r g h  seam, Alabama medium v o l a t i l e )  i s  
apprec iab ly  d i f f e r e n t  than  those  of t h e  subbi tuminous and Western bi tuminous c o a l s .  
The c h a r s  of t h e  P i t t s b u r g h  seam show l e s s  n i t r o g e n  v a r i a t i o n s  w i t h  f i n a l  temper- 
t u r e .  The medium v o l a t i l e  bi tuminous c h a r s  show n i t r o g e n  v a r i a t i o n  w i t h  tempera ture  
s i m i l a r  t o  t h a t  of t h e  Western bi tuminous b u t  a t  h i g h e r  l e v e l s  of mass f r a c t i o n  
r e t e n t i o n .  

Mass F r a c t i o n s  of Coal Ni t rogen  i n  Tar 

A l l  of t h e  c o a l s  show subs tan t i -a l  i n c r e a s e s  i n  n i t r o g e n  evolved a s  HCN f o r  f i n a l  
t empera tures  above 950 C .  A p o r t i o n  of  t h i s  i n c r c a s e  is  t h e  r e s u l t  of secondary  
c racking  r e a c t i o n s  of pr imary t a r  vapors  under  t h e  c o n d i t i o n s  of i n c r e a s e d  thermal  
d r i v e .  As noted  above,  a p r e v i o u s  study’ on t a r  y i e l d s  revea led  t h a t  t a r  y i e l d s  
can be s u b s t a n t i a l l y  modified by i n c r e a s i n g  t h e  h e a t i n g  r a t e  of t h e  coa l .  Reduct ion 
i n  t h e  t a r  y i e l d s  by an i n c r e a s e  i n  thermal  d r i v e  resu l t s  i n  a corresponding reduc- 
t i o n  i n  t h e  c o a l  n i t r o g e n  evolved i n  t h e  t a r .  Cracking of t h e  n i t r o g e n  - c o n t a i n i n g  
t a r  s p e c i e s  r e s u l t s  i n  t h e  e v o l u t i o n  of  t h e  n i t r o g e n  a s  HCN. The r e l a t i o n s h i p  
between t h e  c o a l  n i t r o g e n  and the  evolved tar  s p e c i e s  is  i l . l u s t r a t e d  i n  F igs .  8-10.. 
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Figure  8 shows t h e  f r a c t i o n s  of Utah b i tuminous  c o a l  mass and c o a l  n i t r o g e n  evolved 
as tar and as a n  element  of t h e  t a r  s p e c i e s  f o r  v a r i o u s  f i n a l  t empera tures .  Fig- 
u r e  9 shows p l o t s  of t h e  mass f r a c t i o n  of c o a l  evolved a t  tar  v e r s u s  t h e  mass f r a c -  
t i o n  of coal n i t r o g e n  evolved a s  t a r ,  i r r e s p e c t i v e  of thermal  d r i v e  c o n d i t i o n s .  
A s  t h e  t a r  s p e c i e s  a r e  reduced by i n c r e a s i n g  t h e  t h e r m a l  d r i v e ,  n i t r o g e n  i s  
r e l e a s e d  a s  HCN from t h e  t a r  c racking  p r o c e s s .  

Mass F r a c t i o n s  a s  CHAR 

F i g u r e s  10 and 11 p l o t  t h e  mass f r a c t i o n  of t h e  c o a l  evolved a s  char  v e r s u s  
t h e  mass f r a c t i o n  of t h e  c o a l  n i t r o g e n  evolved a s  c h a r  n i t r o g e n .  A s  w i t h  t h e  t a r  
p l o t s ,  upon e l e m i n a t i o n  of t h e  thermal  h i s t o r y  parameter ,  t h e r e  i s  an obvious 
s i m i l a r i t y  i n  t h e  n i t r o g e n  a v o l u t i n n  of t h e  subbi tuminous and bi tuminous c o a l s .  
The p l o t s  i n d i c a t e  that  t h e  main phase of t h e  d e v o l a t i l i z a t i o n  p r o c e s s  is c h a r a c t e r -  
i z e d  by n i t r o g e n  r e t e n t i o n  i n  t h e  char  i n  p r o p o r t i o n  t o  t h e  f r a c t i o n  of c o a l  mass 
evolved  a s  c h a r .  A t  m a s s  f r a c t i o n s  of c h a r  g r e a t e r  than  - 0 . 5  ( c h a r a c t e r i z e d  by 
runs  of 950 C f i n a l  t empera ture  and l e s s )  a l l  of t h e  c h a r s  los t  r e t a i n e d  n i t r o g e n  
a t  a rate much g r e a t e r  t h a n  a d d i t i o n a l  mass l o s s .  

Phenomenological D e s c r i p t i o n  of Nitrogen Evolu t ion  

A phenomenological d e s c r i p t i o n  of t h e  e v o l u t i o n  of c o a l  n i t r o g e n  d u r i n g  vacuum 
d e v o l a t i l i z a t i o n  emerges from t h e  i n v e s t i g a t i o n .  For f i n a l  t empera tures  of 950 C 
and l e s s  and a p p a r e n t  h e a t i n g  r a t e s  of 600 C/sec and less, t h e  tar  and char. s p e c i e s  
g e n e r a l l y  c o n t a i n  0 .7  o r  more of t h e  c o a l  n i t r o g e n .  In t h i s  range of c o n d i t i o n s ,  
tar removes c o a l  n i t r o g e n  i n  p r o p o r t i o n  t o  t h e  mass f r a c t i o n  of c o a l  evolved a s  
tar .  Char retains n i t r o g e n  i n  p r o p o r t i o n  t o  t h e  m a s s  f r a c t i o n  of c o a l  evolved a s  
c h a r .  The h a l a n c e  of t h e  c o a l  n i t r o g e n  e v o l v e s  predominant ly  a s  HCN.  Small b u t  
observable  amounts of NH3 a r e  produced a t  low f i n a l  tempera tures .  
t o  be formed from low rank  c o a l s .  

More N H 3  a p p e a r s  

The d i s t r i b u t i o n  of t h e  c o a l  n i t r o g e n  i n  t h e  t a r ,  c h a r  o r  l i g h t  g a s e s  produced 
d u r i n g  d e v o l a t i l i z a t i o n  is dependent on t h e  rank of  t h e  p a r e n t  c o a l  i n  a manner 
ana logous  t o  t h e  d i s t r i b u t i o n  of c o a l  mass a s  t a r ,  char  o r  l i g h t  g a s e s .  A n  i n c r e a s e  
i n  t h e  f r a c t i o n  of v o l a t i l e s  evolved as t a r  w i t h  i n c r e a s e  i n  rank r e s u l t s  i n  a pro- 
p o r t i o n a t e  i n c r e a s e  i n  n i t r o g e n  e v o l u t i o n  as an element  of t h e  tar  s p e c i e s .  A 
d e c r e a s e  i n  t a r  y i e l d  w i t h  i n c r e a s e  i n  thermal  d r i v e ,  results i n  a p r o p o r t i o n a t e  
d e c r e a s e  i n  c o a l  n i t r o g e n  evolved a s  t a r .  
gen is evolved as HCN. 
s t a b l e  than  lower  r a n k  c o a l s  (See Reference 1 ) .  

A s  t h e  t a r  y i e l d  d e c r e a s e s ,  t h e  t a r  n i t r o -  
Higher rank c o a l s  appear  t o  produce t a r s  more t h e r m a l l y  
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For f i n a l  t empera tures  g r e a t e r  t h a n  950 C and h e a t i n g  r a t e s  i n  e x c e s s  o f  
600 C/sec,  Western bi tuminous and subbi tuminous c o a l s  d i s p l a y  t a r  y i e l d  r e d u c t i o n s  
a s  g r e a t  as 50-60% of t h e  maximum ta r  y i e l d .  The c o a l  n i t r o g e n  evolved as tar i s  
p r o p o r t i o n a t e l y  reduced. A t  v o l a t i l e  y i e l d s  g r e a t e r  than - 0.5 of t h e  p a r e n t  c o a l  
t he  pr imary form of n i t r o g e n  e v o l u t i o n  from t h e  c h a r  is  HCN.  
conversion l i t t l e  i n c r e a s e  i n  t o t a l  v o l a t i l e s  by mass i s  observed w h i l e  s u b s t a n t i a l  
r e d u c t i o n s  i n  char  n i t r o g e n  l e v e l s  a r e  observed.  

A t  t h e s e  l e v e l s  of 

Rela t ionship  of Nitrogen D e v o l a t i l i z a t i o n  Behavior t o  Coal S t r u c t u r a l  
C h a r a c t e r i s t i c s ,  S t r u c t u r a l  Models 

The chemical  n a t u r e  of t h e  n i t r o g e n  d i s t r i b u t i o n  i n  t h e  mix of molecular  s p e c i e s  
p r e s e n t  i n  t h e  parent  c o a l  i s  i n d i c a t e d  by t h e  fo l lowing  phenomenlogical  observa-  
t i o n s :  (1) n o n - p r e f e r e n t i a l  e v o l u t i o n  of c o a l  n i t r o g e n  as  c h a r ,  t a r  o r  l i g h t  g a s  
dur ing  t h e  d e v o l a t i l i z a t i o n  p r o c e s s ;  ( 2 )  t h e  n i t r o g e n  d i s t r i b u t i o n  i n  t h e  devola-  
t i l i z a t i o n  products  ( t a r ,  c h a r ,  l i g h t  gas )  v a r i e s  w i t h  rank and thermal  d r i v e  a s  
does t h e  d i s t r i b u t i o n  of c o a l  mass a s  c h a r ,  tar  and l i g h t  g a s ;  ( 3 )  HCN i s  t h e  
dominant n i t rogen-conta in ing  l i g h t  g a s ' o b s e r v e d  i n  rap id-hea t ing ;  d i s p e r s e  phase 
devo1.a t i l i za t ion .  

In  t h e  c o n t e s t  of r e l a t e d  i n v e s t i g a t i o n s  and a p r e v i o u s  r e p o r t  on tar  y i e l d s /  
c h a r a c t e r i s t i c s ,  t h e  o b s e r v a t i o n s  i n d i c a t e :  (1) n i t r o g e n  i s  uni formly  d i s t r i b u t e d  
throughout  t h e  mix of molecular  s p e c i e s  p r e s e n t  i n  t h e  p a r e n t  c o a l ,  i r r e s p e c t i v e  
of rank;  (2 )  t h e  pr imary type  of ni t rogen-bonding p r e s e n t  i n  t h e  p a r e n t  c o a l  i s  a s  
a heteroatom i n  an a romat ic  r i n g  system, i . e . ,  pyr id ine- type ;  (3)  v a r i a t i o n s  w i t h  
rank i n  t h e  n i t r o g e n  d i s t r i b u t i o n s  i n  t h e  d e v o l a t i l i z a t i o n  p r o d u c t s  can be under- 
s tood  on t h e  b a s i s  of a s h i f t  w i t h  rank  i n  a condensa t ion  f requency  f u n c t i o n  ( t h e  
d i s t r i b u t i o n  of molecular  s p e c i e s  a s  c h a r a c t e r i z e d  by t h e  number of fused  r i n g s /  
s t r u c t u r e ) .  

T h i s  d e v o l a t i l i z a t i o n  s t u d y  as w e l l  as o t h e r s  i n d i ~ a t e ~ . ~  t h a t  HCN i s  t h e  
p r i n c i p a l  n i t rogen-conta in ing  l i g h t  g a s  evolved d u r i n g  d i s p e r s e  phase ,  rap id-hea t ing  
c o a l  d e v o l a t i l i z a t i o n .  S t u d i e s  performed by Houser ,g ,  e t .  a l .  and Axworthy," 
e t .  a l .  i n d i c a t e  HCN i s  t h e  p r i n c i p a l  l i g h t  g a s  evolved from t h e  thermal  decomposi- 
t i o n  of pyr id ine- type  n i t r o g e n  compounds. I n  a d d i t i o n ,  r e c e n t  s t u d i e s  performed by 
Deno, e t .  al.11 i n d i c a t e  t h a t  t h e  n i t r o g e n  p r e s e n t  i n  t h e  p a r e n t  c o a l  is found as  
an heteroatom i n  a romat ic  r i n g  s t r u c t u r e s .  Taking i n t o  account  t h e  known h i g h l y  
a romat ic  n a t u r e  of c o a l s ,  t h e  d a t a  of t h i s  s tudy  i n d i c a t e  t h a t  t h e  pr imary form of  
n i t r o g e n  appears  t o  be as a he teroa tom i n  a r o m a t i c  r i n g  s t r u c t u r e s .  

I 
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A s  noted i n  a n  earl ier r e p o r t  ,' d i s t i n g u i s h i n g  f e a t u r e s  of t h e  d e v o l a t i l i z a -  
t i o n  behavior  of a c o a l  a r e  i t s  maximum t a r  y i e l d  and t h e  s e n s i t i v i t y  of t a r  y i e l d  
t o  the c o n d i t i o n s  of t he rma l  d r i v c .  I t  was shown, f o r  example, t h a t  t h e  P i t t s b u r g h  
seam bi tuminous c o a l  gave a maximum t a r  y i e l d  ~ 40% g r e a t e r  than  t h e  Utah bituminous 
c o a l ,  I 50% g r e a t e r  t h a n  e i t h e r  the  Colorado bi tuminous or Alabama bituminous c o a l s ,  
- 85% g r e a t e r  t h a n  t h e  two subbi tuminous c o a l s .  Only a s m a l l  f r a c t i o n  of t h e  
l i g n i t e  was evolved a s  tar and t h e  a n t h r a c i t e  gave only  l i g h t  g a s e s .  The P i t t s b u r g h  
seam c o a l  (HVA) and Alabama bi tuminous c o a l  (MVB) gave t a r  y i e l d s  which were r e l a -  
t i v e l y  i n s e n s i t i v e  t o  changes i n  thermal  d r i v e  by comparison t o  t h e  Western 
bi tuminous and subbi tuminous c o a l s .  T o t a l  vacuum v o l a t i l e  y i e l d s  do not  va ry  s i g -  
n i f i c a n t l y  w i t h  r ank  u n t i l  c o a l s  w i th  c h a r a c t e r i s t i c s  of the  medium v o l a t i l e  
bi tuminous c o a l .  Tinis r e p o r t  i n d i c a t e s  t h a t  t h e  n i t r o g e n  d i s t r i b u t i o n  i n  t h e  de- 
v o l a t l l i z a t i o n  p r o d u c t s  r e f l e c t s  t h e s e  p a t t e r n s .  

Thus moving a l o n g  the  c o a l i f i c a t i o n  band from t h e  low rank t o  the  h igh  rank 
s i d e ,  t h e  t a r  y i e l d  becomes a g r e a t e r  f r a c t i o n  of t h e  t o t a l  v o l a t i l e s  evolved and 
t h e  primary tars formed appea r  t o  be more t h e r m a l l y . s t a b l e .  Correspondingly,  more 
of the  parent  c o a l  n i t r o g e n  i s  evolved as t a r  and i s  r e t a i n e d  by t h e  thermal ly  
s t a b l e  t a r s  of these c o a l s .  

The d e v o l a t i l i z a t i o n  d a t a ,  i n d i c a t e  t h a t  an i n c r e a s e  i n  a condensat ion index 
( s h i f t  t o  a h i g h e r  ave rage  number of t h e  frequency f u n c t i o n  d e s c r i b i n g  #fused r i n g s /  
molecular  s p e c i e s )  and a r o m a t i c i t y  of c o a l  w i th  p o s i t i o n  on t h e  c o a l i f i c a t i o n  band 
p rov ides  a r e a s o n a b l e  e x p l a n a t i o n  of changes i n  behavior  w i th  rank.  The chemical 
n a t u r e  of t h e  n i t r o g e n  d i s t r i b u t i o n  i n  t h e  parent  c o a l  f o r c e s  t h e  c o a l  n i t r o g e n  
d e v o l a t i l i z a t i o n  behav io r  t o  r e f l e c t  the  c o a l  mass d e v o l a t i l i z a t i o n  behavior .  

The v a r i a t i o n  i n  d e v o l a t i l i z a t i o n  behav io r  w i t h  rank appea r s  t o  suppor t  some 
e a r l i e r  a t t e m p t s  t o  deve lop  a model of c o a l  c o n s t i t u t i o n  based on t h e  average 
number of fused r i n g s  i n  a molecular  u n i t  ( l a m e l l a )  of t h e  c o a l .  A model such as 
sugges t ed  by Ayre and Essenh igh lz  and l a t t e r  modif ied by Scaroni  and Essenhigh13 
a p p e a r s  ab le  t o  p r o v i d e  a r easonab le  e x p l a n a t i o n  of behavior  with some q u a l i f i c a t i o n s  
The d a t a  of t h i s  s tudy  i n d i c a t e  a change i n  d e v o l a t i l i z a t i o n  behavior  w i th  r e s p e c t  
t o  t o t a l  y i e l d  a t  a carbon c o n t e n t  lower than  90%. The d a t a  a l s o  i n d i c a t e s  a 
change i n  d e v o l a t i l i z a t i o n  behavior  w i th  r e s p e c t  t o  the  y i e l d s  and c h a r a c t e r i s t i c s  
much lower than  90%. I t  is  b e l i e v e d  t h a t  a s t a t i s t i c a l  f u n c t i o n  of t h e  type  
d e s c r i b e d  above showing a pronounced s h i f t  i n  c h a r a c t e r i s t i c s  i n  t h e  82-85% carbon 
l e v e l  would more adequa te ly  r e f l e c t  behavior  observed i n  t h e s e  s t u d i e s .  
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The d e v o l a t i l i z a t i o n  d a t a  of t h i s  s tudy  and t h e  p r e v i o u s  t a r  s t u d y  i n d i c a t e  
t h a t  c o a l  does  behave a s  i f  i t  d e v o l a t i l i z e s  i n  two s t a g e s .  The main s t a g e  (mass 
f r a c t i o n  convers ions  of - .4-.5) of v o l a t i l e  e v o l u t i o n  r e q u i r e s  r e l a t i v e l y  low 
f i n a l  tempera tures  and i s  fo l lowed by a second s t a g e  of v o l a t i l e  e v o l u t i o n  r e q u i r i n g  
tempera tures  i n  e x c e s s  of 1000 C f o r  a p p r e c i a b l e  r a t e s .  The c o a l  n i t r o g e n  does 
evolve  as i f  i t  were conta ined  i n  two components. The two-component h y p o t h e s i s  of 
c o a l  c o n s t i t u t i o n  was f i r s t  no ted  by Clark  and Wheeler14 and l a t e r  emphasized by 
Essenhigh and Howard15 t o  e x p l a i n  d e v o l a t i l i z a t i o n  behavior .  

However, r a t h e r  than  i d e n t i f y i n g  t h e  e a s i l y  evolved v o l a t i l e  matter as being 
genera ted  by t h e  weakly bonded amorphous m a t e r i a l  a s s o c i a t e d  wi th  s t a c k e d  r i n g  
s t r u c t u r e s ,  t h e  d a t a  sugges t  t h e  e a s i l y  evolved  n i t r o g e n  t o  be a s s o c i a t e d  w i t h  r i n g  
s t r u c t u r e s  s u s c e p t i b l e  t o  thermal  c racking  and/or  v o l a t i l i z a t i o n  a t  t empera tures  o f  
950 C o r  below. V a r i a t i o n s  w i t h  rank i n  e a s i l y  evolved n i t r o g e n  e x p e l l e d  a s  t a r  o r  
HCN r e f l e c t  v a r i a t i o n s  i n  t h e  r i n g  s i z e  d i s t r i b u t i o n  f u n c t i o n  w i t h  rank  c h a r a c t e r -  
i s t i c s .  The P i t t s b u r g h  seam bi tuminous c o a l  e v o l v e s  more c o a l  n i t r o g e n  a s  t a r  t h a n  
t h e  Utah bi tuminous c o a l  because i t s  parent  n i t r o g e n  i s  conta ined  i n  r i n g  s t r u c -  
t u r e s  more thermal ly  s t a b l e ,  t h a t  i s ,  of g r e a t e r  degree  of  r i n g  condensa t ion  and 
having fewer a s s o c i a t e d  f u n c t i o n a l  groups.  For t h e  same r e a s o n ,  t h e  Alabama 
bi tuminous (medium v o l a t i l e )  c o a l  i n i t i a l l y  e x p e l s  most of  i t s  n i t r o g e n  a s  t a r .  The 
Alabama bi tuminous y i e l d s  less t o t a l  v o l a t i l e s  than t h e  h igh  v o l a t i l e  b i tuminous  
c o a l s  because a g r e a t e r  f r a c t i o n  of i t s  n i t r o g e n  i s  a s s o c i a t e d  w i t h  n o n - v o l a t i l e  
r i n g  s t r u c t u r e s .  That i s  i t  c o n t a i n s  a l a r g e  f r a c t i o n  of s t r u c t u r e s  t o o  l a r g e  t o  
be v o l a t i l i z e d  b e f o r e  char - incorpora t ing  secondary r e a c t i o n s  "polymerize" t h e  
s p e c i e s  i n  t h e  c h a r  m a t r i x .  

This  s t u d y  on  n i t r o g e n  e v o l u t i o n  and t h e  p r e v i o u s  s tudy  d e a l i n g  w i t h  t a r  y i e l d s  
and c h a r a c t e r i s t i c s  ob ta ined  from a v a r i e t y  of c o a l s  i n d i c a t e s :  

1. I n  vacuum d e v o l a t i l i z a t i o n  c o n d i t i o n s ,  c o a l  behaves a s  i f  i t  c o n t a i n s  
two v o l a t i l e  components, a s  p r e v i o u s l y  noted .  

2 .  L i g n i t e  t o  h i g h  v o l a t i l e  bi tuminous c o a l s  can be d i f f e r e n t i a t e d  w i t h  
r e s p e c t  t o  d e v o l a t i l i z a t i o n  y i e l d s ,  p r i m a r i l y  t a r  y i e l d  and c h a r a c t e r i s t i c s .  

3 .  Coal n i t r o g e n  d i s t r i b u t i o n  i n  t h e  v o l a t i l e  products  f o r  subbi tuminous c o a l s  
and h i g h e r  r a n k s  r e f l e c t s  t h e  c o a l  mass d i s t r i b u t i o n  i n  t h e  v o l a t i l e  
p r o d u c t s .  
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4 .  Coal n i t r o g e n  f o r  subbituminous and h igher  rank c o a l s  behaves a s  i f  i t  were 
inco rpora t ed  a s  a n  he t e roa tom i n  t h e  a romat i c  r i n g  system of t h e  parent  
c o a l .  

5. A s  p rev ious ly  n o t e d ,  v a r i a t i o n s  i n  d e v o l a t i l i z a t i o n  behavior  w i th  rank 
appear t o  r e f l e c t  a v a r i a t i o n  i n  t h e  degree of  r i n g  condensat ion present  
i n  the c o a l  m a t r i x .  

6 .  V a r i a t i o n s  i n  d e v o l a t i l i z a t i o n  behav io r  (more s p e c i f i c a l l y ,  t a r  and n i t r o -  
gen e v o l u t i o n )  w i t h  r ank  r e E l e c t  a s h i f t  i n  t h e  c h a r a c t e r i s t i c s  of a r ing-  
s i z e  d i s t r i b u t i o n  f u n c t i o n  wi th  rank.  

TABLE I 

COUPLING BETWEEN FINAL TEMPERATURE AND HEATING RATE 

Screen M a t e r i a l  - 19 - b T Range, O C  

S t a i n l e s s  s teel  1 . 9 6  10-3 0.92 530 - 950 

Tungsten 6.50 x 2 . 1 6  1000 - 1750 
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TABLE I11 - 1 

NITROGEN DISTRIBUTIONS IN DEVOLATILIZATION PRODUCTS 

Subbituminous 2 (SUB B) 

Tf (OC) 

520 

600 

745 

820 

890 

945 

950 

1040 

1090 

1160 

1240 

1365 

1390 

1600 

1700 

1780 

fNCHAR 

0.99 

0.76 

0.67 

0.63 

0.57 

0.57 

0.53 

0.48 

0.40 

0.31 

0.28 

0.17 

0.08 

0.10 

0.08 

--- 

fNtar 

0.05 

0.24 

0.19 

0.28 

0.22 

0.12 

0.11 

0.17 

0.14 

0.07 

0.06 

0.06 

0.04 

0.04 

0.04 

0.03 

fNHCN 

--- 

0.01 

0.10 

0.17 

0.21 

0.20 

0.30 

0.30 

0.40 

0 .63  

0.65 

0.66 

0.61 

0.54 

0.92 

0.87 

EfN 
- 

1.04 

1 . 0 1  

0.96 

1 .00  

1.00 

0.89 

0.94 

0.95 

0.94 

1 .01  

0.99 

0.89 

0 .73  

0 .68  

1 .03  

0.90 
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TABLE 111 - 2 

NITROGEN D I S T R I B U T I O N S  I N  DEVOLATILIZATION PRODUCTS 

Utah Bituminous 

fNCHAR 

530 

595 

745 

790 

880 

915 

935 

1020 

1090 

1160 

1240 

1390 

1600 

1700 

1730 

0.81 

0.66 

0.58 

0.57 

0.49 

0.48 

0.51 

0.42 

0.40 

0.44 

0.30 

0.20 

0.20 

0.13 

0.10 

f N t a r  

0.04 

0.22 

0.26 

0.27 

0.25 

0.24 

0.30 

0.29 

0.24 

0 . 2 2  

0 . 2 1  

--- 

0.10 

0.06 

0.05 

(HVB) 

f N ~ ~ ~  

0 . 0 1  

0 . 0 1  

0.08 

0.09 

0.17 

0.17 

0.13 

O . ; G  

0.25 

0.38 

0.51 

0.61 

0.67 

0.72 

0.96 

0.86 

0.89 

0.92 

0 .93  

0 .91  

0.89 

0.94 

0.87 

0.89 

1.04 

1 . 0 2  

0 .81  

0.97 

0.91 

1.11 
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TABLE I11 - 3 

NITROGEN DISTRIBUTIONS IN DEVOLATILIZATION PRODUCTS 

Pittsburgh Bituminous (HVA) 

IfN __ fNRCN _ _ ~  

0 . 0 1  1.11 

0 . 0 1  1.00 

0.00 1 .03  

0.05 1 . 0 1  

0.05 1 .05  

Tf(OC) 

565 

5 85 

618 

735 

0 . 6 1  

0 . 6 1  

0 .58  

0.55 

0.49 

0.38 

0.45 

0 .41  

745 0.59 0 .41  

775 0.52 0.41 0.06 0.99 

830 0 . 5 3  0.39 0.09 1.01 

855 0.54 0.43 0.10 1.07 

915 

935 

1040 

0.46 0.36 0.10 0.96 

0 .55  

0.44 

0.36 0 .08  1 .09  

0.40 0.10 0.94 

1090 

1107 

1125 

0 .50  

0 .41  

0 .39  

0.60 

0.40 

0.39 

0.43 

0.28 

0.12 1 . 2 1  

0.24 1.04 

0.17 0.95 

0.22 1.11 

0.20 0.80 

1165 0.46 

0.32 1220 

1220 0.39 0.36 0.33 1.08 

1300 0.29 0.54 0 .30  1.13 

1450 0 . 3 3  0.19 0.33 0.85 

1450 0.26 0.30 0.37 0.93 

1700 0.04 --- 0.43  0.47 

1780 0.06 0.15 0 .28  0.49 

31  



Fig.  1 Heated Gr id  Apparatus  
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